1 despite weakening of the mean circulation 2 in super-parameterized warming simulations 3 A.
This result can be understood in terms of the area-averaged dry static energy bud- The global-mean precipitation rate increases from 2.6 mm day −1 in the 295 K RCE 167 simulation to 3.2 mm day −1 (a 3.9 % K −1 increase) and 3.7 mm day −1 (3.2 % K −1 ) in 168 the 300 K and 305 simulations, respectively. As expected for a boundary layer that is 169 warming but maintaining roughly constant relative humidity, the simulated increase in 170 low-level water vapor mixing ratio is between 6.5-7 % K −1 .
171
The solid lines in Figure 1 show the domain-mean static stability profiles for these 172 simulations. The static stability increases with warming, particularly at upper-levels, as 173 expected for a tropical lapse rate adjusting to a warmer moist adiabat.
174
-7- As mentioned earlier, a weakening of the mean circulation is an expected response 175 to warming. Figure 2 shows the vertically resolved distribution of grid-scale vertical ve- ing of the monthly mean ω. This is seen as a narrowing of the ω distribution, which means 184 that strong grid-scale rising and sinking motions become less common, while weak val-185 ues become more common. The exception is above about 300 hPa, where an increase in 186 stronger vertical motion at the expense of weaker values reflects the deepening of the con-187 vective layer (and the troposphere) with warming. We find the same pattern of grid-scale 188 circulation weakening in distributions of the daily-mean ω (not shown).
189
We will use the pressure velocity, ω, to quantify the various vertical mass fluxes.
190
For a GCM grid cell, the mass flux of the mean circulation, ω, can be written as the sum where ω c ∂s/∂p is the warming due to the net convective mass flux, L is the latent heat 242 of condensation,C is the environmental condensation rate, D is the detrainment mass 243 flux, and Q turb is the dry static energy transport due to turbulence. Equations (4) and
244
(5) allow us to rewrite (2) as
as the (non-radiative) cloud and turbulent heating apart from (i.e., not including) the (1977) emphasized that condensation in stratiform anvil clouds is a major tion (6) reduces to a balance between radiative cooling and advection of dry static en-265 ergy by the mean vertical motion.
266
As mentioned previously, a weakening of ω is possible despite a strengthening of 267 ω c if there is a compensating change inω. The two possibilities are: 1) a strengthening 268 ofω whereω is downward (which occurs in drier grid columns), and 2) a weakening of 269ω whereω is upwards (which occurs in the wettest grid columns). In both of these sce-270 narios, the change inω is positive.
271
We can estimate the fractional change inω in equation (6) as the difference between 272 the fractional changes in Q R +Q c and ∂s/∂p:
We now identify the conditions required for ∆ω > 0 by considering four cases, two of 274 which can be discarded because they do not obey equation (6).
In summary, we conclude that Case 3, withω < 0 and Q R +Q c > 0, is the most plau-297 sible scenario that is consistent with ∆ω > 0. Figure 4 shows that this is indeed what 298 we find. The largest increases in ω c (panels c,d) occur whereω < 0 (panel e) and Q R + 299Q c > 0 (panels h,k).
300
In places whereω is upwards, and neglecting the small contributions from detrain-301 ment and turbulence, we can approximateQ c in terms of the advection of environmen-302 tal moisture byω as,
whereq is the water vapor mixing ratio of the environment. Combining equations (6) 304 and (9), we then can write
whereh = s + Lq is the environmental moist static energy, using the approximation 306 thats ≈ s (Arakawa & Schubert, 1974) . Equation (10) states that over a large area
